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ROYAL ATRCRAFT SSTABLISHMENT, FARNBOROUGH
Weight estimates for long-range surface-to-air guided missiles
by

D. G+ King-Hele
and
H. Hiller

SUMMARY

Weight estimstes are made for high-altitude surface~to-air missiles
having ranges between 30 and 200 n.miles, and the effects of eleven design
parameters are investigated. Propulsion is by ramjet, and guidance is
tacitly assumed to include a mid-course phase, followed by radar homing in
the terminal phase, The 'standard! missile, after rocket boost to M = 2
at sea level, climbs under ramjet pewer, steeply at first and then more
gently in the stratosphere, so that it reaches its design altitude of
70,000 £t at a Mach nunber M of 3 and a ground range of about 25 n.miles.
This standard missile carries a payload (warhead + guidance) of 700 1b,
develops a maximm lateral acoeleration of 8g at design altitude, and is
assumed to suffer an rem.s. lateral aoceleration of 2g in its mid-oourse
flight., The estimated weight of the missile for 100 n.miles range at
70,000 £ altitude is about 1900 1b without boosts (see Fig.1 for sketoh).
Estimates are made of the changes in weight resulting fram changes in design
altitude, range, missile diameter, payload weight, payload density, maximum
lateral acceleration, r.mes. lateral acceleration, boost Mach number, pro-
pulsion and layout (Figs.8~17). The propulsion range of the standard mis-
sile (designed for 70,000 £4 altitude) on various trajeotories - up-end-along,
up-elong-down-along, and beam-riding, to target altitudes between 36,000 and
70,000 £t - is also given (Figse24-29).
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1 Introduotion

The British surface-to-air guided weapons now being dsveloped were
designed rimarily to meet the threat from subsonic bonbers flying at alti-
tudes up to 50,000 £t and dropping conventional bombs. These 'Stage 1*
plssiles have maximm renges of about 20 n.miles and their manoeuvrebility
is inadequate to deal with evading targets at altituldes substantially sbove
50,000 £t. The need to extend thess altitudes and ranges has long been
apparent and attention has now turned towards misgiles designed for inter-
oeption at ranges of about 100 n.miles and altitules up %0 sbout 70,000 £+,

Single-stage guidanoce systems, as used in the Stage 1 swface-bo-air
weapons, will be unable to meset the new interveption rengs requiresents,
even when atretched to the limit of technical possibility. Guidanoce musé
therefore be divided into two phases, a mid. (of as yet
unspecified type), which brings the missile near e to the target to
oarry out a terminal radar The homing mey be either semi~
aotive ox ve, thess ves being assooiated respectively with
the 'Stage 13! and 'Stage 2! dafence systems.

Because of the present umoertainties about guidanoe and about targes
behaviour, the effects of eleven design paremeters were investigated in this
Note. To keep the work within reasonable bounds standaxd wvaluss were chosen
for each of these perameters and each was then varied in turm. The pare-
meters are listed, together with standexd valuss and the ranges of values
oovered, in Table I. *

Table I
The eleven dssign parameters end their wvalues
Parsmoter Symbol Unit Standaxd value ;}mge of wvalues
Deﬂi@ altitude y1 s 7°.m 50,@ -80,0“)
Range x n.miles 87(or 100) 30 - 200
Missile body diameter d b4 2 1¢6 = 3
Paylosd (warhead + co
guidancs) b)) 700 500 ~ 1200
Payloed density 4 }lb/ou bq ] 52 25 - 100
Max. avalleble lateral
aoccelexration N 8 ] 5~-12
Steady rem.s. lateral
acceleration n g 2 1«4
Mach No. at end of boost| N, - 2 1e7 =~ 2,2
Standaxd Yype Vaxriants
Propulsion _ramjet fuabojet and rocked
Layous £ixed~wing ‘moving-wing
Trajeotoxy w-and~along wralong-dommr-elong. Beamiding
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2 Range and design altitude

The expected threat, whioch is little better than s guess at present, must
determine the choioe of misaile range and design altitude. 8o a fairly wide
brecket of values of bcth range sand design altitude had to be covered here.
Soms upper limits can however be set. The early-warning rangs will not nor-
ml]yemeedZSOmilumdsinoothetargotwﬂyufututbms:ua a
mulﬂnrmgogruterthmaboutﬁOnﬂ.luhmtoﬁmuhﬂytobouurul
even if the missile launching ares is 50 miles behind the early-warming station.
100 n.miles has tharefore been taken as a convenient round figure for missile
range, and ranges up to 20C n.miles (or sometimes 400) have been covered. As
ref.) shows, misaile ight tends to become exocessive if 8g lateral acoelera~
tion has to be produced at altitudes above 80,000 £t by aerodynamic means.
80,000 £+ has therefore b taken as an upper limit for design altitude.
(Design altitude is defined as the meximum altitude at which the design lateral
acceleration, here usually 8g, can be developed.) The eltituds for which the
Stage 1 missiles were designed, 50,000 ft, has been taken as the lower limit
for design altitude. - It is thought that the fastest targets likely are M =
2,5 to 3, and for these the optimumm operating altitude will probably be sbout
60-65,000 £t. They may however fly for short periods at up to 5-10,000 £t
higher. So 70,000 £t has been ta.kan a8 the standard des:lgn altitude.

5' Guidumeaxﬂwarhead.

As stated in the Intx‘odwtion it 14 asaumed that missile guidance oonsists
of a mid-course phase, operating fram launch until the missile is near emough
to the target to lock—on its homing heed, and a terminal homing phase. It is
further assumed that for active ‘bem:l.nal homing a common transmitting and
receiving aerial can be used.

The form of m:l.d-gu:ldance, as yet unsettled, sffects three of the missile
design perameters, namely: .

(1) ;Weight of guidance equipment. To quote two of the possibilities:
inertia mid~ocurse guidanoce mig,ht wei.gh about 200 1b; beam-xriding
perhaps 150 Ib.

(2) Trajectory. If target sltitude were known it would mo douwbt be
possible for the missile %o fly on an up-and-along trajeoctory or
up~elong-down-along (i.e. climb to optimum cruising altitude; level
flight there; desoant to target altitude; 10-20 miles level flight
there). In the absence of informetion about target altitude, which
might be denied by jamming, the missile might have to fly on a line-
of-sight trajectory, which would lead to much higher fusl oconsumption.
All three types of trajectory have been investigated here.

(3) Mean lateral acoceleration demended during the mid-course phase. This
will depend on (a) the method of guidance (e.g. beamiding or pro-
_ portional navigation), (b) the limit chosen for missile lateral
acosleration during mid~course (this limit oould probably be much
lower than the maximm awvailable), and (o) the time interval between
the ocommends to the missile to change course. Here an rem.s. lateral
accsleration of 2g has been taken as standard and values between 1g
and Lg have been oovered.

Exrors hmamwiﬁmmm;ttmenddm-mm,

again not yet knomn at all socourately, affect the required

homing-head lock~on
rangs, which in turn depends on dish dismeter. (Ref.6 stulies the offects of
honing range and mid-oamse errors on interoeption probability.) Here the
atandaxd missile diameter has been taken as 2 £t, oorrespanding 40 s dish
diamster of perhaps 20 inches, MMMMNM“.‘”M}“

have baen oonsidered,
-]~
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Two other design perameters, the maximum lateral aoceleration and the
warhead weight, depend on the expected behaviour of missile and target in
the final phase (assuming missile manoeuvrability is sdequate to correct mid-
course errors). The values which ought to be chosen for these two parameters
remain wnoertain, if only because the evasive manoeuvre of the target, and
its radar-reflaecting and struotural properties are unknown. For
lateral aoccelerstion, 8g has here been taken as standard, values dbetween 5g
and 12g being covered.

To deal with the uncertainties about warhead and guidance weights,
peyloads* between 500 and 1200 1b and peyload densities between 25 and
100 1b/ocu £+ have been covered. The standard payload is 700 1b, and the
standard density is 52 Jb/ou £4, implying roughly equal division of the
700 Ib between guidance and warhea.d

4 Propulsion, speed end trajectory
41 Choioe of propulsion

References 1-5 provide comparable weight estimates for surface~to-air
missiles powered by rocket, ramjet or turbojet engines. From thease
References it is possible to obtain, either directly or with minor modifi-
cations, weight—versus-range curves for missiles carrying a payload of
340 1b, having a design Mach number of 2 and a maximum lateral acceleration
of sbout 10g, flying on either up-and-along trajectories to 45,000 £t aliitude
(refs.1=3) or beam-riding trajectories to 65,000 ft altitude (ref.4). These
ocomperable curves are plotted In Fig.2, the full lines referring to up-end-
along trajectories to 45,000 £t and the broken lines to beam—riding trajec-
tories to 65,000 f£t.

Pig.2 shows that, for ranges greater than 30 miles, ramjet missiles are
oonsiderably lighter then rockets for 45,000 £t design altitude, and that
this superiority increases under the severer conditions of beam-riding ¢o
65,000 ft, Also, for ranges up to about 150 n.miles, ramjet missiles are
appreciably lighter than turbojet missiles for 45,000 £t altitude - though it
should be emphasized that quite a small reduction in turbojet specific weight
oould cancel out this advantage.

When speed is increased above M = 2, ramjet efficiency improves rela-
tive to turbojet and rooket. In the missiles of this Note therefore, where
speeds up to M = 3 are used, the rocket is not 1likely to show to advantage.
From Fig.2 it would appear that the turbojet might be competitive with the
ramjet at the longest ranges, altbough increasing speed to M = 3 and alti-
tude to 70,000 £t will tilt the scales in favour of the ramjet. For at
M = 3 the turbojet's fuel oonsumption is only a little less than the ramjet's
and the higher engine weight leads to higher empty weight and hence greater
wing and oontrol surfacs area to meintain a given lateral acceleration and
oontrol time-lag. A few weight estimates have been mede for rocket and turbo-
Jet missiles to give some idea of the weight inoreases whioh would ooour, but
moast of the results are for ramjet missiles,

A fixed-geometry ramjet motor has been assumed because it was thought
that the extra weight of a variable intake or exit nozzle would be greater
than the fuel saved,

Oqumud“MumM(iml\niMMGg plusguidmoo(imhﬂing
guidance power supplies, but excluding radome
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4.2 Missile spesd

4e2.1 Design speed

The missile design Mach mmber My (i.e. the Mach mmber in level f£light
et design aliituds, 70,000 £t) has here been taken as 3. The arguments which
point towards this value are disoussed below under four headings.

(a) Aerodynamic 1ift

The wing area needed tc produce a given lateral aococeleration, and the oon~
trol surface area needed to seocure a given control time-lag both decreass as
speed increases. As a result there would be a sharp reduction in missile weight
as My was increased from 2 to 3 (other things being equal), though little
would be saved by going sbove My = 3 because the wings and controls would them
already be fairly smell. If motors, fuel and body strusture formed a fixed per-
centage of all-up weight, 50%, the missile weighta for My = 2, 3 and 3.5 would
be sbout 24,00 1b, 1850 1b and 1750 1b respectively for a payload of 700 lb. If
turning circle, and not lateral acceleration, were the quantity which ought to
be kept constant as speed incareases, these weight differences would be less.

(v) Engine performence

Boost weight tends to beoome excessive if a Mach nunmber much greater than
2 is demanded at boost separation. The ramjet motors should therefore be
capable of accelerating the missile from a Mach number near 2 to its design
Mach mmber. Now it is diffiocult to design a fixed-geometry ramjet with good
performance over a wide range of Mach mumber: with the lowest M near 2,
¥ = 3.5 can probably be regarded as an upper limit if a reasomably effiocdent
design is sought. No advantage is gained, however, by going above M = 3, for
with a simple conical-ventrebody inteks, specifio fuel consumption tends to fall
as design Mach number inareases from 2 to 3 and then to rise again for My > 3
(see Co e Figo"(ﬂ) of ref.B).

(o) Heating

Aerodynamic heating becomes much more severe as speed ls increased between
=25 and 3.5. The equilibrium boundary-layer temperatures at M = 2.5, 3
end 3,5 are about 190°C, 280°C and 390°C respeotively. The miasile skin,
though it would only looelly reach these temperatures during the compsratively
short time of £light, would rrobably have to be of steel for M = 3; and
materials for the radome present a more serious and as yet unsolved problem.
Increasing speed from M = 3 to M = 3.5 would seriously aggravate the
diffioulties.

(3) Defence tactics

Tactically, high speed is an advantage. For a given guidance range inter-
ceptions can be made further from the launcher and a single group of launchers
can defend a wider front. Fig.3 shows the areas within which interceptiocns cen
be made, for verious values of missile/target speed ratio pe A missile
boosted to M = 2 might have a mean ground speed of 2600 ft/sec if its design
Mach mumber wers 3, or 2200 fi/sec it MW = 2.5, i.e. against a 2500 £t/
sec target = 1,04 and 0,88 in the two cases. 8o reducing My from 3
to2.5redmt§ehteralomr30m:ueuuhudotﬂwhmtzwahwtwo
to sbout 425 miles (see Fig.3). The higher the missile speed too, the less
danger there is from feint attacks, whon the enewy approaches the defences to
draw their fire, and then twxms and retreats.

Individually, these four arguments are not cogent enough to jJustify any
choloe of Mach mmber. Talken together, however, they seem to point to
& valus not far from 3 as the best campromise.

-9 -
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4.2.2 Boost speed

A similar compromise must be sought in choosing the Mach nunber at the
end of boost, M,. Sinoce a ramjet oan provide a given thrust at & much lower
fuel oonsumption than a solid-fusel roocket for Mach numbers between 1.5 and 3,
the acceleration in this phase ocan best be done by remjet, provided of oocurse
that the thruast-drag margin at the lowest speeds is great enough. Hsating
problems too are eased if the Mach muber is kept as low as possible during
the early part of the climb, where, for given M, heating rates will be
highest. Thus, if the ramjet motor design is fixed, it would seem best to
f£ind the Mach number My pin at which the motors can just agcelerate the
missile on some suitable olimb peth, and to choose for M, a valus very
1little above - only enough to provide a safety margin, If the motor
design 1s not ¢ however, the qusstion which arises 1s: "How far should
the motor design be biassed to give low values of My pin, 31se. high thrust
at low Mach mmbex?" Only a grossly quantized answer can be given. With a
design Mach number of 3 it is certainly worth modifying ramjet design to give
good thrust down to M = 2,5, since this can be done with little loas in
thrust or inarease in fuel oonsumption. It is probably worth further modify-
ing the design to give good thrust down to M = 2, sinoe the losses in design
thrust eto. are not prohibitive and the saving in boost weight is large (about
0,75 x missile weight). It is almost oertainly not worth striving for high
thrust at M = 1,5, since (1) the ramjet is fundamentally less effioient at
this Mach mumber, (2) a Mach number range of 1.5-3 is too wide for a fixed
gecmetry ramjet, and (3) less is saved in boost weight in going from M, = 2
to My = 1.5 (about 045 x missile weight).

Again, these arguments are by no means conclusive, but they do point
towards a value near 2 for My. Here thexrefore the engine design was chosen
with a boost Mach number of 2 in mind, The effeots of changing M;, while
retaining the =ame engine, were afterwards investigated.

4,3 GChoiocs of engine design parameters

In choosing the engine design charaoteristios the aim must be to produce
& motor whioh develops just enough thrust both for level flight at design
speed at design altitude, and for olimb at lowsr speeds and altitudes. A pre~

estimate of the requirements for the missiles in this Note suggested

that the engine would he well matched to the two requirements if its net
thrust ooeffiocient op were roughly the same at M=« 2 and M = 3, thus
implying that om should have a meximum somewhere between M = 2 and M = 3
while not dropping too far below this value at either M = 2 or M= 3 On
an up-and-along trajeotory to 70,000 £4 altitudes and 400 n.miles renge,
roughly ¥ of the fuel is used in the first half of the olimb ?( = 2,0 to 246),
¥ in the second half (M = 2.6 to 3.0), and ¥ in level flight (M = 3): so low
speoific fusl oonsumption is important throughout the speed range.

In response to a request framed on these rather vague lines, N.G.T.E.,
Pyeatook chose an engine design and provided the curves of net thrust oceffi-
cient op and specifio fusl oonsumption o plotted in Fig.4. The engine
has a simple oconical-centrebody intake, with oone angle » and shock-on=lip
at M= 2,6, After paseing through the qylindrioal ocubustion chexber the
gas stream enters an exit noszle with throat/inlet area ratio of 0,85,
expanding again to oombustion chamber area at the exit plane. On a typical
missile trajectory with Mach number 2 at end of boost, 2.6 at the tropopause
and 3 at design altitule, the values of op at the three oarresponding points
are 0,91, 1.08 and 0,79 based on ombustion chesber oross-secticnal area,
vhile the three walues of s.f.0. are 3.7, 3.1 amd 34 1b/hr/1b thrust. These
values are for standsrd atmospheric conditions.

When the missile has to fly level or in shallow oliabs at altitudes much
lower than its design altitude it is often desirabls to reducs thrust to save
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fuel and, by keeping down the speed, to minimize asrodynamic heating., Fig.5
shows how the ramjet thrust ocoefficisnt and specifio fusl cansumption in the
stratosphere vary when fuel/air ratio is reduced. The most striling feature of
Fig.5 is that for this partioular engine the s.f.c. is hardly altered when the
fuel/air ratio is reduced, i.e. that if the thrust can be out by a oeitain per-
oentage the fuel oconsumption is reduoed by roughly the sams peroentage.

4ol Choioce of olimb path

For the purposes of thls Note it was decided to approximate to the missile
olimb path with two straight lines, ane from sea level to 36,000 £4 altituds,
and the other from 36,000 £t %o design altitude, usually 70,000 £t. The fuel
consumption and the Mach mmber during t can then be caloulated with
adequate acouracy by an analytical method (given in the Appendix), and it has
been shown previously (see e.g. ref.9) that such dog~leg paths provide exocel-
lent approximations to more realistic paths with finite curveture.

The angles of olinb eppropriate for the two phases of olimb, 64 axd 6y,
mast depend of course on the thrust-dreg margins of the individual missilss.
Pig.6 shows how the thrust and drag of the standard missile of +1 vary with
Mach nunber and altitude. Two points are worth cbserving in Fig. The firet
is that induwoed drag oontributes over LUK of the total at 70,000 £t altitude;
this means that at low altitudes, where the induoced drag is very small, there
is a substential thrust-drag mergin. The seoond point to note is that, with 2g
r.me8, lateral acoeleration, the thrust-drag margin at 70,000 £¢ altitude is
extremely small for 2.6 ¢ M < 3 (and negative for M ¢ 2.6). Thus it would
be unwise to rely on the missile acoelerating to M = 3 during level flight
at 70,000 £t. A better plan would be to choose a flight path such that the
missile oould accelerate at lower altitudes where the thrust margin is greater,
and arrive at 70,000 £t with its Mach mmber already up at 3. This was the
£light path used here, and the partioular pair of velues (84, 67) chosen for
the angles of olimb was the one which gave minimm fuel consump For the
standard missile of Fig.! 64 = 75° and = 14e5%, and on this trajectory
the Mach mmber inoreases almost linearly with altitude in the troposphere,
from M = 2 at sea level to M = 2,7 at 36,000 £t, then in the stratosphere
reaches a maximm of 3.1 near 60,000 £t altitude and drops to M = 3 at
70,000 £t (see Fig.31).

This standard flight path gives a reasonable minimun range, for the mis-
sile reaches 70,000 £t altitude at a range of 23 n.miles (see Fig.30), a mean
oclimb angle of 27°., Round any missile laynching site therefore there would be
a oirole of 23 miles radjus, a 'dead area! within which no targets oould be
engaged at 70,000 £t altitude. This is not a serious gap in the defences,
sinoe targets need to be engaged long before they reach this area. If, however,
a substantial reduotion in minimm renge below 23 miles were required, the
missile thrust would have to be greatly augmented, with oonsequent inoreases
in missile weight.

The standard flight path also gives a reasonsbly advantageous speed
variation. Aerodynamic heating is less than it
and the Mach nunber greater, duxing the first half of

at the tropopause less abrupt, i.e. the

lines at angles of, say, 45° and 10° The speeds during olimb are such that

the nmissile performance will not be unduly sensitive to small deficiencies or
exoesses in thrust. Net thrust (tinust minus dreg) exoceeds missile weight up
to 40,000 £t altitude, and thrust/dreg remains above 1.5 up to 55,000 £6 alti-
tude, for the standard missile of Pig.d.

VYhen the deaign parsmeters depart from their stendard values there are
changes in the thrust<ireg margins and henoe in the appropriate angles of climb.
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For most of the missiles these changes are small, and "a 75° olimb followed by
a 10~15° climb" gives a good ploture of the climb pathe When the missile
design altitude is altered however, the net thrust/weight changes greatly amd
the corresponding pairs of values of (84, 63) vary widely, between (75°, 35°)
for 80,000 £ design altitude, and (45°, 6°) for 50,000 £t design altitude.

The performence caloulations have been made assuming standard I.C.A.N.
atmosphere, with 59°F at sea level. On hotter days there would be some loss
in thrust and it might be necessary to makes the olimb path leas steep, with
oonsequent reduction in meximum range.

5 Layout

A monoplane twist-and-steer layout hes been adopted here, with twin
engines mounted on stub wings perpendiocular to the main wings. Although it
cannot be proved that this is the best layout there is much to oommend it,
Neither of the two possible single-engine layouts 1s attractive: if the
motor is in a separate pod the missile is grossly asymmetrical, and if the
motor is in the main body of the missile a 50% weight increase can be
expected (see ref.1), due to difficulties in matching intake area with engine
requirements and in the positioning of oontrol surfaces. There are several
other possible cartesian-oontrol layouts, all of them having deficiencies:
the four-wing missile with two engines indexed at 4L5° to the wings and the
two-wing missile with two engines on amall wings in the perpendicular plene
both have enough asymmetry to raise doubts about the suitability of cartosian
control; the four-wing missile with four wing-tip engines would probably
require much thicker wings, and the longer moment arm would increase the
lateral destabilizing force due to engine malfunction; the four-wing missile
with four engines on stub wings indexed at 45° would suffer because of loss
in 1ift, increase in stub~wing drag, and difficulty in boost arrangement. If
twist-and--steer has no other serious penalties as yet unknown, a two-wing
twin-engine layout would seem to promise a better performenoce than any of
these others, and, though the advantage may be small, the experience gained
in this ocountry with the twin-engine layout -~ with the JTV test wehicle ard
the Red Duster missile - tells in favour of this layout.

Fixed wings have been chosen here in preference to moving wings, since
the lateral aoceleration demands are severe and a fixed-wing layout is much
the more efficient in generating lift. A moving-wing layout has also been
oonsidered for purposes of ocomperison, and the pros and oons of the two lay-
outs are disoussed more fully in section 7.7,

The layout chosen here has unswept wings, with oontrol surfaces at the
vear of the body separated from the wings (Fige1)s An alternative layout with
highly swept delta wings and wing-tip oontxrol surfaces has recently been ocon-
sidered by the Bristol Aercplane Co. Changing to such a delta layout would
have little effeoct on missile weight: the delta leyout is neater, espeoially
in its boost arrangement, but it is as yet untried in British gulded missiles.

A rectangular planform has been assumed for both wings and tail®. The
fixed wings have a thicimess/chord ratio t/c of 0.03 and a gross aspect retio
of 15, and the associated four control suwfaces of ¥/o = 0O, which are
indexed at 45° to the wings, have a net aspect ratio of 4 The moving wings
of t/o = 004 act as two separate surfaces each of aspeot ratio 1.2. The
assooiated tail surfaces of t/0 = 0,03, which oconsist of two penels in line
with the wings, bave 2 net aspect ratio of 2,

The mirsile body oonsists of an ogival nose of finensss ratio 2.8 and
low-drag profile, a oylindrical section at meximm body diemeter and an after-
body, in the fom of a frustum of a 10° cons, having a base diameter of half

¢ The planfarms have been assumed rectangular to reduve ecmputation; -1l
advantages might be cbtained using alt::mtin wing shapes. '
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the maximm body dismeter. A lower limit of 7 has been imposed on the length/
diameter ratio of the missile,

A standard missile, for 87 n.miles range, has been sketohed in Pig.4 and
oontains in order from the nose: the radar dish, warhead, guidance equipment,
fuel and actuators. This missile has also been aketohed in Fig.4! together
with the equivalent moving-wing missile for oomparison.

To ensure adequate stability of the fixed-wing missile the wings have been
placed so that the 1/5 chord line passes through the centre of gravity of the
missile at all-burnt. Also the ramjets, whioch have simple conical-ocentrebody
intakes with 60° ocone engles, have been placed with their noses in line with

the leading sdges of the wings.

Far the moving-wing missile, the wings have their 2/5 chard line passing
through the centre of gravity of the missile at all-burnt while the ramjets
have their noses approximately half-way between the leading edges of the wings
and the all-burnt centre of gravity. The f£ins are at the rear of the missils.

The solid-fuel rocket boosts used would have to be arranged as two units,
one behind eech wing, in an overlap configuration, as shown in Fig.42.

In making weight estimates for the turbojet missiles an idemtical lay
was assumed; foar the rocket missiles too the layout was the same exoept tha
the motor was placed in the missile afterbody instead of on stub wings.

B8

6 Method

Sinoe there are eleven perameters (see Table I) involved here in the esti-
mations of missile weight, the complete analysis of every oambination would
present an impossible task of oamputation; about a million examples would be
neoessary,

The method adopted wes to choose a standard velue for each pearamster

exoept range, and estimate the missile weight for this set of values. A sketoh

of this standard missile for a range of 87 n.miles is shown in Fig.,i. Then by
oonsidering the parameters design altitude, range, missile diameter, maximum
lateral acoeleration, mean lateral aoceleration, peyload weight, paylosd den-
sity, boost Mach mmber, propulsion and layout, estimates were made of varia-
tion in missile weight on up-and-along trajeotories when each parameter in turn
departed fram its standard value. Finally, the perfarmence of the standard

6.2 Assunptions

The range of values for each parameter together with the standard value
is given in Teble I (pege 6). The payloed was assumed to consist of a warhead
of density 100 1b/ou £t and guidance equipment of mean density 35 1b/ou £4e,
The body structural weight was taken as 35,5 1b/sq £t of body surface ares and
the weight of the twin ramjets, including stud wings, pumps, eto, as 1808 1b,
8 being the total cross-sectional area of the two ramjets in sq f£t. The fusl
weight was calculated from the aprropriate equation given in the Appendix, the
tank weight being taken as 15K of the fuel weight and the volume of fuel and
as mp/40 ou £t, where mp 4s the weight of fuel in 1b. The weight of

® It has been ssmmed that the paylosd will £1t into the volume allowed,
m.;uotupo. Payload deusity has 1itils effect on nissils weight
. -13..
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the £ixed wings was taken as 3.5 1b/sq £t of net wing plan area and for the
associated oontrols and actuators as 8.5 lb/sq £t of net oontrol plan area.
A lower limit of 5 sq ft was imposed on the net wing plan area. The weight
of the moving wings was taken as 6 1b/sq ft of net wing plan area anmd for the
wing aotuatars, 4 1lb/sq £t of net wing plan area. The weight of the assooi-
ated teil surfaces was assumed to be 1.75% of the missile all-up weight.

These velues are besed on those in use in British guided missiles now
under development, but were increased whers appropriate to allow for aero-
dynamic heating,

To illustrate the superiority of the ramjet over the turbojet under the
conditions applicable here, deliberately optimistio assumptions were made for
the weight and performance of the turbojet engine,

The weight of the twin turbojets, inoluding stub-wings, pumps, etc. was
taken as 1,25T 1b, T being the net thrust of the twin turbojets in 1b at
the design altitude of 70,000 £t at Mach 3. It was assumed that the thrust
changed exponentially with altitude from 10T at see level to T at design
altitude, The specifio fuel consumption was assumed constant throughout
£light at 1.5 1b/1b thrust/hour.

For the rocket missiles the motor was assumed to be liquid-fuel, with a
vacuum specific impulse of 250 seos. The motor weight was taken as 27 +
0,028Tp,y 1b, where Tp,y is the maximm thrust required in 1b, and the tank
weight as 10% of the propellant weight. An up-and-along trajectory was
chosen, the 'up'! part being a olimb at M = 2 at 75° to the horizontal (the
best angle for fuel economy) from sea level to a design altitude of 70,000 f£i
and the 'along' part being divided into an acceleration phase at maximm
thrust from M =2 to M =3 and a crulse phase at M = 3., The weight of
fuel oonsumed on the olirdh was caloulated by the method of refele

6.3 Drag and 1ift

Zero-1ift drag calculations were made using data in the Aerodynamiocs
Handbook, ref.10. The wave drag of the ogival nose was taken as 80% of the
wave drag of the insaribed oone (of 20° apex angle). All wings, inocluding
stubs, and control surfaces were assumed to be double-wedge shaped.
(Thickness/chord ratios are given in Seotion 5.) After caloulating the total
zero-1ift drag of the missile, a 10f addition was made to allow for aerials,
air intakes to turbopumps, and other irregularities. The external drag of
the engines was aoccounted for in the net thrust ocoefficient. The induced
drag was caloulated for a meximum inoidenoce of 25°, as 1lift proportional
to incidence., Henoe the total drag (zero-lift plus induced) was lmown and so
the ramjet oross~sectional area cculd be caloculated.

For the fixed-wing missile, the maximm wing lift ooefficient was taken
as 1,76/ (M being the design Mach muwber), based on gross wing area, an
allowance having been made for wing-body interference. The body 1lift ooeffi-
oient was taken as 3 for an incidence of 25°, based on the body aross—
sectional area, a deduotion baving been made to allow far oontrol surface
1ift. The net area of the oontrol surfaces was calculated assuming a maximam
oontrol 1lift coefficient of 2,4/M and specifying a oontrol time lag of 0.2 seo
for the missile to roll through 90° and build up an inocidenoe of 259.

For the moving-wing missile, the maximm wing lift ooeffiocient was taken
as 1,55/, based on net wing area.

6.4 Procedure for estimeting all-up weight, m,

The estimation of all-up weight was carried out by an iterative pxooess
as follows:
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A guess was first made at the values of and the reamjet aross-sectional
area 8. This enabled the oomponent weights the missile to be ealoulated
glving a caloulated valus of m,, while the drag caloulations enebled the
required S to be caloulated. If the guessed and caloulated values of m, and
8 differed, a better guess was made and the mrocess repeated to give improved
caloulated values. The guessed and caloulated valuss usually ocoinoided after
only two or three such guesses, giving the required velues. This procedure
differed slightly for the turbojet weight estimates. Here, it was necessary to
guess m, and T, the thrust at design altitude. This time the drag caloula-
tions gave T, the prooess then being as before.

6.5 Modifioations of method for non-standard trajeotories

The performance of the standard missile, designed for 70,000 £t altituds,
for four different ranges was investigeted for up-and-along, up-along-down-elong
and beam~riding trajectories for target altitudes of 36,000 £+, 50,000 £t,
60,000 £t, 70,000 £t and in one case 80,000 ft.

6.5.1 Up-end-along trejectory

Here, the missile climbed at constant angle from sea level to
36,000 £t and then at a smaller angle 6p from 36,000 £t to target altitude,
which was then maintained.

For target altitudes up to 60,000 £t it was assumed that the Mach muber at
target altitude oould be reduced to 2.6 (since adequate lateral acoeleration was
still available) with the result that thrust and hence fuel oonsumption oould be
oonsiderably reduced at these altitudes.

At 80,000 £t target altitude, however, the standard missile has inadequate
thrust if the r.mes. lateral acceleratlion remains at 2g and the missile oould
only fly at this altitude if the r.m.s. demand were reduced to 1.24g. The fuel
weight was then caloulated as for the standard missile but with appropriate
reduotions for altitudes of 60,000 £t and below.

6¢5.2 Up-along-down-along trajectory

Here, the climb path was taken as that of the previous up-and~elong trajeo-
tory to maximm altitude at which the missile oruised before diving to target
altitude, assumed less than 70,000 f£t. During the dive the thrust was reduced
to keep the Mach mmber oonstant; during the f£light at target altitude (for
either 10 or 20 n.miles) a reduced fuel consumption was assumed as in 6.5.1.

Aotual beam~riding trajectories were drawn in Fig,27 for 36,000 and
70,000 £+ terget altitudes and 80 and 200 n.miles e at launch®. The targe
was assumed to have a oonstant speed of 0,32 n.miles/sea (Maoch 2) and the mis-
sile to have oonstant speeds of 0.4 n.miles/seo from launch to 36,000 £t amd
Os 45 nemiles/seoc from 36,000 £t to target altitude.

<t

¢ In drawing these trajeotories the earth wes assumed flat and the
With ourved earth and beam the 113-mile trajeotory in Fig.27(d)
average 1500 £t below the trajectory drawn, implying an increase fuel
sumption of not mare than 9%. At shorter ranges the difference 14 be
8inoce ths missile might anyway be oonstxained to ride 3-5000 f¢
this oorreotion is not very important.
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Each trajectory was then replaced by two straight lines, showm broken in
Fige 39 - one from sea level to 36,000 ft and one fram 36,000 £t to target
altitude « b0 approximete as cloaely as possible to the aotual trajeotary.
Approximetiona for other target altitudes and ranges at launch were cbtained
by interpolation.

For olimbs to 36,000 ft target altitude, the thrust was reduced to save
fuel and, by preventing the speed from becaming too high, reduce aerodymamio \
heating. The fuel oonsumption was then caloulated as for the standard
tra jectory.

66 Boost weight

Solid~fuel rocket boosts were assumed to acoelerete the missile to
Mach 2 at sea level, The specifio impulse was taken as 200 seos and the
boost charge/weight ratio as 0.65. The boost weight wes caloulated using the
methods of refs.11 and 12 and for the standard missile these assumptions gave
the booat weight as being equal to the missile weight.

——

6.7 Acouracy check of assumptions

To check the acouracy of the assumptions made in the Appendix, a step~ :
by-step nmumeriocal integration was performed for the standard missile, The
acouracy of the aprroximaiions was found to be exoellent and is disoussed in
more detail im the Appendix.

7  Discussion of results

The results presented in Figs.8-29 and Table II (page 28) are arrenged
to show the effsota of eaoch design parameter in turn and are discussed in
seotions 7.1"70100 .

7.4 Design altitude and range

Fig.8 shows that inocreasing the range from 100 to 200 n.miles inoreases
the missile all-up weight by about 35% for 50,000 £t altitude and about 168
for altitudes ebove 70,000 ft. Fig.9 shows that for any given range up to
200 n.miles, all~up weight varies little with design altitude up to 70,000 £t
but inoreases by about 65% fram 70,000 to 80,000 £t design altitude dus to
the rapid inarease in size, end so weight, of the wings and ocontrol surfaces ‘
required to maintain a specified lateral aoceleration and a specified ocontrol
time lag.

7.2 Missile body diameter, d
This parameter shows the effeot of varying the dish diameter.

The missile length/diameter ratio, L/d, must not be so small as to
aggravate the control problems. Here, L/3d has been fixed at 7,89, the
standard missile value, for body diemeters between 2 and 3 ft, For smaller
diameters, between 146 and 2.2 £t, however, the missile length wes adjusted
to maintain sufficient volume for the oontents.

For oonstent L/d, inoressing the missile diameter from 2 to 3 £4
resulted in an increase of 456 in all-up weight due to largs increeses in
body structural weight and body wave drag, both of which increase as the
square of the dismeter. This is shown in Pig.10. For the fixed-wolume
missile, variation in dismeter over the range oonsidered (1,6-2.2 £t) has
only a small effeot on the missile all-up weight.
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7.3 Payload weight and density

Missile weight inoreases linearly with payloed (warhead plus guidance)
weight as shown in Fig.14; each 1 1b inorease in payload ceauses an inorease of
ebout 2,2 1b in missile weight.

Payloed density has only a smell effeot on missile weight; reducing the
density from 100 to 50 1b/ou ft increases the missile weight by only about T#. !
Inareasing o, the guidanoce/warhead weight ratio, by an order of magnitude
over the range 0,1-10 increases the missile weight by only ebout S5%.

74 Maximum and re.m.s. lateral accelerations, Ng and ng

The mean aoceleration has the greater influence on missile weight as can
be seen in Figs.12 and 13, TFor the lower values of n, less than the standard
value of 2, variation of N has only a small effeot on miseile weight. Par
higher values of n, however, missile weight inareases rapidly as N decreases
due to high induced drag. When the induwoed drag is high, exocess thrust is
avallable in olimb and so can be reduced to give a saving in fuel. This saving
pexrtly offsets the large inorease in weight.

The dotted line in Fige1) shows the value of maximm lateral acceleration
vhich gives minimm missile weight for a given mean lateral acceleration; far
n =2, amaximm aocoeleration of 7.3g gives minimm weight (about 1860 1b)
whereas for n= 3, N =14 gives minimm weight (ebout 2260 1b).

7.5 Mach number at the end of boost i

Although an increase in boost Mach mumber ebove the standard value of 2 ,
would give a smeller missile all-up weight, as shown in Fig.15, a much larger !
inarease in total missile weight at launch (including boosts) would result. :
A reduotion in boost Mach mmber below 2 oould give a small saving in weight H
at launch but in this case the initial thrust-drag mergin would be oritical; {
a slight deficiency in boost impulse might lead to drsg exceeding thrust. ,

7.6 Propulsion

Although optimistio assumptions were made for the welght and fuel oon- .
sumption of turbojet and rooket engines, Fig.16 shows that the remjet missile
is oonsiderebly lighter than either turbojet oxr rooket at all relsvent ranges. -
For any given range the turbojet missile is about 2000 1b heavier than ths rem~
Jet missile; the weight increase with range is sbout 9% per 100 n.miles for
the turbojet and about 16% for the ramjet. For 100 n.miles range the all-up
weight of the rocket missile is double that of the ramjet although its empty
weight is only 19% greater. The 1iqu:(ld—fuel rocket ;md here has an overall 1
total i r-)
vaoum specifio impulse, TEFea—oTont of motor, ropeliant and tanks)’ °F
206 sec; changing to solid-fusl motor having an overall vaowm specifio
impulse of less than 180 seo, would of oourse further inorease missils weight.

77 Fixed and moving wings

The variation of missile all-up weight with range for the fixed-wing and
moving-wing missiles is given in Pig.17, for the standard oonditions of 8g
maximm lateral acoeleraticn, 2g r.m.s. lateral acoeleraticn and 70,000 £¢
design altitude, For all ranges between 30 and 200 miles the moving-wing mis-
sile is about 30K hesvier. If the lateral acocelsration demsnds are reduoced to
h(n:;.-n)m1.x(r.mu)muﬂmbemmtwhmto
about .
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In Fig.41 sketohes are given of the standard fixed-wing missile of Pig.d
and the ocmparable moving-wing missile, The vast difference in wing size -
the

two spans are 5.6 £t and 13.4 £t ~ is at onoe apparents For the moving-
‘wing missile the weight of wings, aotuators and tail fins is 580 1b, while
for the fixed-wing missile the comparable weight, of wings, control surfaces

b ¢
and actuators, is 250 1b. The wing drag is greater by a factor of 5 on the
moving-wing missile. ' :

The fundamental reeson for the moving-wing missile's poor showing is its
relative inefficiency as & 1lift~generator. For the fixed-wing missile the
wing 1lift, teking into account wing-body interference, is roughly the same as
the 1ift due to the gross wing, i.e. the wing carried through the area ocou-
pied by the body; for the moving-wing missile, it is virtually only the net
area of the two moving panels which is effsotive in producing 14ft%. - For the
fixed-wing missile the lift from the body ard remjets at M = 3, even with a
generous deduction for possible negative oontrol-surface trim-foroe, mekes a
substantial addition (about 70% for the standard missile) to the wing 1if4;
for the moving-+wing missile the body should be at zero incidence and so give

As a result of these differences 1lift at maximum inoidenoce is reduced by
quite a large faotor in ohanging e missile of given geametry from fixed to

g wings. Pig,40 shows how this feotor veries with the ratio

; d"‘“’sp;"’-l » 4/b.  For a typicel walue of &/b, 0.3, the fixed-wing
layout gives a 1ift sbout 3.5 times greater than the moving-wing at 25° inci~
denoce. In ocaloulating this factor the methods of ref.10 were used, with
maximum body 1ift ocefficient 3 at M = 3.

If the lateral acoeleration demands on the missile ars not too severe,
the poor lift~producing properties of the moving-wing layout are not so
important, sinos there is little weight difference between a missile with
small wings and one with hardly any wings at all, '

If, as in the standard conditions defined here, the lateral acoceleration
demands are exacting, strong subsidiary reasons are needed to resuscitate the
moving-wing layout. Some possible reasons are touched on below.

(1) The movingswing layout automatically provides a rapid roll response
when the wings are moved differentially, whereas large oontrol surfaces are

‘neéded to give the fixed-wing missile an adequate roll acceleration: <that is

why the moviig-wing missile in Fig.4! is not more than 30f heavier than the
fmdm.

" *(2) Moving wings should eass radome sberration problems by keeping the
body near mero incidence, This is probebly the main pobential disadvantage
of the fixed-wing layout, but its importance camnot be evaluated until much
more work has been done to determine, first, the maximm sberration that can
be tolerated without seriously degrading the homing performsnce and, second,
the likely sberration characieristios of future practiocal radomes.

(3) A fund of experience on the moving-wing layout has been built up in
this country, with Red Duster, The problems of the fixed-wing twist-end-steer
missile have not yet been fully explored. - ‘ . .

® Using data in an as yet unpublished chapter of ref,10, the incresse in 1if4

U
of the ; missile of Pig.h1 due to wing-body interference is fomd
toboonlyg- ' .

h18-

SECRET

T




2,

.

3 e e e e v~

SECRET

Techniocal Nots No. GW 389

(4) With the moving-wing layout the angle of incidence of the ramjets
should remain smell throughout flight., With the fixed~wing layout incidence
would bave to be limited during mid-oourse flight to the maximm at whioh
stable combustion oould be mainteined, perhaps 10-12°. This would mean that,
after reaching design altitude the missile lateral acoelerstion would effective-
1y be limdted to sbout 3~dig wntil ths f£inal homing phase - a limitation which
should not seriously degrade mid-ocourse aoouracy. In the f£inal phase the rem- :
Jets are not likely to remain alight if the maximm incidence of 25° is ‘
demanded, This is not as bad as might at first appear (a) becauss deceleration 3
would be repid even if the ramjets gave full thrust (for the misaile of Fig.1 ,
thrust is 830 1b and drag at 25° inoidence is 6300 1b, at M = 5 at 70,000 £t), ‘=
and (b) beceuse deceleration has very little effect on the meximm tolersble ;
mid-courss errors for collision-oourse interoceptions near head-on, Ref,7 indi-
cates that for a homing lock~on range of 10 nemiles and a Mach 2 terget,
deceleration would reduce the maximum tolersble mid-oourse error for the stan-
dard missile from its constant~speed value of 3435 nemiles to 3+24 nemiles (if
the remjets remained alight) or 3.22 n.miles (if the ramjets went out).

7.8 Missile fuel/weight ratio on standexd trajectary

Fige18 shows that the missils fuel/weight ratio decreases with increase in
design altitude for a given rangs, although the ratio is not affected much by
altitude variation at short ranges. For a design altitude of 70,000 £4, the
fuel/weight ratio does not exoeed 0,25 up to 200 nemiles rangs and so is small
enough not to dominate the missile design.

7.9 Dipensions . ‘ ’

Ramjet oombustion chamber diameter has been plotted agaipst several design
porameters in Fig.19 where it can be seen that the dlameter is affected most by
design altitude and re.mss. lateral aooceleration. The valuss of remjet diameter !
are within the limits of what is mracticelly attainable, lying between 10 and ‘
20 inches exoept for the highest values of r.mes. lateral aoceleration. Range
has 1ittle effeot on ramjet diametex.

Missile length has similarly been plotted against several design parameters
in Fig,20. The length varies linearly with payload weight, inoreasing by about
4 £¢ for every 100 1b of payloed, The length is also nearly linear with range,
Ancreasing by ebout {0f for an inorease in range from 100 to 200 n.miles. For
design altitudes below 70,000 £t the variation in length is small, although an ?
inoreese from 70,000 to 80,000 £t altitude inoreases the length by ebout 20K. ‘

1.10  Irajeotoxy

Far the up~end-elong trajeotory, all-p weight, range and target altitude ,
have been plotted in peirs as shown in Pigs.21-23 for a design altitude of
70,000 £t The broken 1line in Fig.21 shows what the variation of missile
weight with range would be, foar a target altitude of 80,000 £, if the induced
drag oould be reduced to prevent drag exceeding thrust. (If the rimes. lateral .
socoeleration had to be kept at 2g, drag would greatly exoeed thrust at 80,000

a given range, there is little change in all-p

weight for missiles olinbing to target altitudes between 55,000 amd 70,000 £t,
oeinly due to the thrust being reduced for altitudes below 70,000 ft. For lower
altitudes, however, there is a rapid inoresse in welight, pertioularly at the
longer rangea. Fig.23 shows that for a given missile weight there is little

et e O
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below 60,000 £ and descending to target altitudes below 40,000 ft. Fig,26
shows that the optimm cruising altitude (broken 1line), which gives the
maximum range for a given all-up weight, veries little with range and is
nearly independent of target altitude. Between 100 and 40O n.mlles range the
optimm ariising altitude increases from 63,000 to 67,000 f£t.

For the beam-riding trajectory, Fig.28 shows a rapid rise in missile
weight at relatively short ranges; inoreasing range from 50 to 100 n.miles
inoreases missile weight by about 35%.

Fig,29 shows the relative performance of the standard missils on the
three trajectaries. There is little difference in weight between missiles on
up-and-along and optimum up-along~-down-along trajeotories sbowve 60,000 £4
texget altitude. For 100 n.miles range and 60,000 £ target altitude the
respective missile weights for the beam-riding, up-and-elong and optimm up-
along-dowm-elong trajeotories are 2880, 1885 and 1880 1b.

8 Summary of results, and conoclusions

The missile sketohed in Pig.1, which weighs 1870 1b at launch without
booats, has standard values of the eleven design parameters - payload 700 1b,
maximum lateral acceleration 8g at the design altitude of 70,000 £t and the
design Mach muber of 3, rangs 87 nemiles, r.m.s. lateral acceleration 2g,

ramjet propulsion, up~and-along trajectory, eto.

Table II (pege 28) and Figs.8-29 show how the weight changes when each
paramater in turm departs from its stendard value. Inoreasing design alti-
tude from 70,000 £t to 80,000 £t increases weight by 65%; reduoing design
altitude has muoh less effeot. 400 miles extra range at 70,000 £¢ altitude
puts up the weight by 16#. Changing missile diameter from 24" to 30" results
in a 20% weight increase., Every extra 1b of payload leads to 2,2 1b extra
all-up weight, Reduoing payload demsity fram 52 to 35 1b/ou f£% adds € to
the weight. Inareasing maximum lateral acceleration from 8g to 12g (while
retaining 2g r.m.s. lateral acoeleration) puts up the weight by only 7%, but
inareasing r.m.s. lateral aoceleration from 2g to 3g (while retaining 8g
maximmn lateral acceleration) leads to a 30% weight inorement. A small
saving in weight at launch with boosts (4%) might be made by reducing the
boost Mach muwber frem 2 to 1.8. Changing from ramjet to turbojet or rocket
propulesion doubles the all-up weight for 100 n.miles range. Using moving
wings instead of fixed increases misaile weight by 30%. There is little to
be gained by changing from the standard up~end-along frajectory to an up-
along-down-along type unless the target altitude is below 50,000 £t: when
the target altitude is 36,000 £t the saving in weight is 12% for 400 n.miles
range, Changing from up~end-elong to beam~riding trajectory leeds to a
weight increase of about 50f at {00 miles range,

These results suggest the following broad conolusions:

(1) If 8g lateral acceleration is to be developed by aerodynamio
1lifting surfaces without inourring unreasonsble inoreasses in missile weight,
the upper iimit for design altitude can be taken as sbout 75,000 ft.

(2) Range oan be inoreased from 100 to 250 miles without an exoessive
increase in weight (far up-end~along trajectary to 70,000 £t altitude).

(3) To avoid updue increase in weight, missile diameter should be kept
down to sbout 24",

(4) The remes. lateral acceleration in mid-course flight oen have an
inportant effeot on misaile performance, and should not be allowed to rise
above 2g (including the inevitable 1g for oounteracting gravity).

-20-
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(5) The ramjet appears to be the most suitable form of propulsion. An
appropriate olinb programme for a u.mget missile 1s: boost to M 2; inoreass
M steadily during steep olimb (x 75°) to 36,000 £t altitude, followed by
shallower olimb (x 15°) to design altitude of 70,000 ft; maintain l(a 3 at
design altitude,

(6) Provided its radoms sberration characteristios are acosptable, a fixed-
wing layout will be preferable to a , 8inos the weight at launch is
308 lower, for 8g lateral acceleration at 70,000 £4 altibtude., If the lateral
aoceleration demand were reduced to 5g, the weight difference would be much less,

(7) If a beam-riding trajectory had to be used instead of up-~end-elong or
, the increase in missile weight for a given range would be

@ T e - - . =

largs and ranges much greater than 100 n.miles would be impossible.
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APFENDIX

Method of caloulating missile speed and
fusl consumption during climb

he1 Missile speed

A.41.1 Climb from sea level to the tropopauss (36,090 £t altitude)

The missile is assumed to be boosted to Mach number M, at sea level,
and, as stated in seotion 4ek, to follow a straight-line path during its
climb from sea level to 36,000 £t. The eltitude in thousands of feet is
denoted by y. The suffix # denotes values at the tropopause, where
¥y = y® = 36.09. The suffix o denotes values at sea level.

To simplify the analysis it is assumed that the variation of net thrust
(T-D) with altitude cen adequately be represented by expressing the quantity

%;—D es a linear funotion of y (m being the mass of the missile and p the
atmospheric pressure at altitude y). Thus we have

73‘:2 = F, say (1)
- e B R-n))E- (2)

The actual variation of -%—;;’1 with y for the missile of Fig.d is plotted

in Fig.31, from which it appeers that the approximetion is a good cne: the
maximun error is 6%, and the mean error 1.%% ~ the approximation erring on
the optimistio side. . A

Now if v 4is the velooity of the missile (in thousands of feet per
second) the equation of motion is

T-D-ngsing = 4000 m¥

- 1000mvaine1% (3)

where @ is the angle of olimb, Equation (3) may be rewritten
<1+39%9-!%)31n61 - {3'9, ()

or, by (2),
{1»,5%95%5-}.1:01 -{ro»,-,’;(r-:%.no)}%. (s)

Integrating (5) we have
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v2~v°2 r,
(y+m)ame1 = F°H+(IN?-B:°)I, (6)

-

H-H(y) = /'Eéfzd.u
° b ©)

7

I = I(y) =f%l:—)dus
o

p(u) being the atmospheric pressure at altitude ue Using the I.C.A.N.
rom;éae for the standard aimosphere, it oan easily be shown that, for
¥y € 36.09,

P %
H 5 232 (4 =S —
@ - B (i-§3)
5 (8)
D (% -
I =2 12.90 Ll S - 00&‘-39 yl-ﬂ-
) A 2z,
vwhere ‘Z-; is the relative temperature (°K) at altitude y; eand, for
Y > 36409,
Hy) - H(y*) = H~H® = 460 - 20.79 =
[/
(9)

I(y) ~I(y*) = I ~I* = 7.312 - (11.98 + 0.5761y) f— .

Q

Values of the functions H and I are given in Table IIT and plctted in
Fig. 32,

Table ITI
The 'atmosphere funotions' H and I defined by equations (7)
Altitude y ‘
' 1 £% H H-a* I I-I*
0 0 o
10 8.36 1,086
20 14.03 30392
30 17.77 5.941 |
36.” = y‘ 190&& 7-379
40 20,14 | 0,80 8.235 | 0.856
50 21.60 | 2,26 |10,03 2.65
€0 22.51 | 3417 1140 | 402
70 23.07 | 3.73 [12.40 5.02
80 2342 | 408 |13.12 5. 7%
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Equation (6), written in the form !

v = v.2 4 0,064 [{FH + (44818 - P)I} coseo 6, - y] (10)

can be used to find the velocity and hence the Mach mmber at any altitude
during the olimb, if v,, 64, F, and F* are known. The variation of Mach
number with altitude, for ="2 and various typical values of 6y, F, and
P, is shown in Fig. 33, which suggests that for most practioal purpoaee the
variation of M with y oan be taken as lineax.,

M* ocan be found by inserting in (10) the appropriate mumerical values,
¥y = 3609, Ha19.3%, I=7.379 and v = 0.9685M%, This gives

u? o 4,330 8.7 - 2,478 + (0.821 B, + 2.270 F*) coseo 6, . (11)

M® is plotted against F* for various values of Fo and 6, and for
M, =2, in Fig.3.
A.1.2 Climb in the stratosphere

It is ascumed that in the stratospheres the missile climbs at a oonstant
angle 6p, chosen so that at design altitude ¥y it is £flying at desiga

Mach number My (= 3). Again, taking -(—m as a linear funotion of alti-
tude, we have, sinoce by definition T = D at M=)y and ymyy,

2D _ mep¢ 4V

ng wg * yyy* " p* (12)
vy

The actual variation of L:—p—)- is shown in Fig.3!, from which it appears

that the linear approximation is pessimistioc., The discrepancy is largest
where the value of (T-D) is least, so that the largest error in net thruat/
weight ratio, -%;—D)- s is less than 0,06, i.e. the largest error in esti-

mating acceleration is 0,06g.
Using equation (13) the equation of motion (4) becomes
F* oose0 6, P, J*
1+ 5—:-9-% {(0.9685()2} - 20

P‘(yff‘)

(1)

or, integrating,

Y + 157 PUP) m -% [—’1 (5-H9) - (1-1‘)} P* 00sec 6,
(15)
Sinos Maly at y=y, 6, isgivaly

- ” -
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P Y.

sin 6, =
2 Fyo® + he57 (" - u¥)

(16)

6> 1s plotted against F* for =3 and various y, and M*® in Pig.36.
Re-axranging (15) we have for ths Mach mmber M at intermediate altitudes,

¥2 w9 4 0.0686 [%.9- . }11;;5 g—:—, (H-H*) - (I—I")} F* coses 6, - (y-y*)] ’

(17

P* cosec 6, being found from (16), M is plotted against y for various M
and yq4 end My =3 in Fig.37.

Aste3 Acouracy of the approximete method

The values of Mach mmber during olimb found by numerical integration are
oompared with those given by the approximate method outlined in this Appendix

in Fig. 34« The maximm exror in Mach mmber incurred by using the approximate
method is 0,03.

A2 Fuel oconsumption
Ae2.4 Moethod

If op is the ramjet thrust coefficient, S the total oross-seotional
area of the motors (i.e. § = 243 if there are two motars each of aross-
sectional area Az), and o the specifioc fuel consumption (lb/hx/1b thrust),
the rate of fuel T'low is

Soq 1481 M° o

ﬁ;F = -—W.PL lb/seo. (18)

The fuel burnt in & climb from ssa level to altitude y; is therefore,
2 74
g =/ heat = o.mu.s[ oTnzoplw. (19)
o
(<]

o v

)
For olimb at a.n%le 8y to altitude y® followed by olimb at angle 6 to
altitude yi, (19) beoomes

4
m'o = Odl41148 ocoseo 01['%0%-1)1@4-0.1.21488 ooaeoezj qlﬂcfzw,
°

o

R T

[T SN e

FReEaea—.




P S ——_

o

R L

LK

|
g o

Wrrop

SECRET

Technical Note No. GW 389

suitably weighted mean value, 3,09, has been taken here. Then, assuming %

is a linear function of y (with M® = 2,6), the first term in (20) reduces
to

S cosec 0, 1.271 (1.791H* + 0.894I%)

= 52.48 ocosec 6, o (21)

Pig.38(b) shows that oqMo does not vary greatly with Mach muber in the
stratosphere. A mean value B was therefare taken for the quantity

0.4248 oplio in the stratosphere, the valus of B being altered to suit the
particular missile's Mach mmber. The second term in (20) then reduces to

8 cosec 6, B (H‘-H‘) . (22)
Adding (21) and (22) gives as the fuel burnt during olimb

mp = S {5244 coseo 8 + §(H1-H‘) coses 6,} 1b (23)
where, in the standard case, B has the value 3.6, and, for yq = 70,
IH-H‘ = 3073, from Table III.

When the missile reaches its design altitude it has covered a horizontal
distance

y* oot 6 + (y1-y"') cot 6,  thousand feet,

and if x is its total horizontal range in nautical miles the distance flowm
at design altitude on an up-end-along trajectory is

6,08x - y* oot 0, - (y1-'y‘) cot 6,  thousand feet.

The rate of burning fuel during level flight is by (18)

sop 1481 o 2

—3goov — * B b/th. f£t.

= 3"'0 'El S ]b/tho fto at u L 50
[«

Hemce the total fuel load required for range x is

m, = 8 l:sz.h. cosec 8, + F(H1-H‘) coseo 6,

v 300 7L f6.cex - 30 ot 0y - Gyt 0] |+ (20

Ae2.2 Aoocuragy of method

The method is of course exact during the level-£light period. For the
missile of Fig.1 on its standard climb path step-by-step numericel integration
gives 192 1b for the fuel used on the olimb, while equation (24) gives 194 1b.
The sprroximate method thus overestimates the total fusl load for the stan~
daxd missils by 2 1b in 300 1b.

-27 -
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FIG. 2.

SOURCE FOR EACH CURVE:

OLD FiG.26 OF REF.).

® Fi6.29 OF REF.2, CORRECTED FOR CHANGES IN
PAYLOAD, WING LOADING, ALTITUDE , AND WEIGHT
ESTIMATES (IN FACT THESE CHANGES NEARLY CANCEL OUT)

® REF.3, WITH INSTALLED ENGINE SP.WT=0-18
(INCLUDING STUB - WING MOUNTINGS)

;".400 ®4s® REF.4, CORRECTED FOR PAYLOAD CHANGE
() 1

[T

| I 1
| ALL THE MISSILES CARRY A PAYLOAD OF 340 I.b.,
| ARE BOOSTED TO THEIR DESIGN MACH N2 M=22,
! AND HAVE MAX.LAT. ACCN. OF ABOUT 10g AT DESIGN
| ALTITUDE
2200 I TRAJECTORIES : : |
’ | FAIRLY STEEP CLIMB, FOLLOWED BY
' | LEVEL FLIGHT AT DESIGN ALTITUDE
' | OF 45000 FT.
| —— — —BEAM-RIDING TRAJECTORY TO DESIGN
| @ROCKET ALTITUDE OF 65,000FT.
2,000 1
, /
L /
/
L /
1,800 ,’
MISSILE |
ALL-UP
WEIGHT
(witHout
BOOSTS)
1,600
LB.
b
1400 -, /
; 7 ¥ ﬂtﬂﬂ
/
‘ RAMIEY.” /
) 1,200 = o‘f /// .
v 5«»
} / <
. 1,000 4 w,ﬂ‘
800
() 20 40 60 8o 100 120

x HORIZONTAL RANGE N. MILES
FIG.2. VARIATION OF WEIGHT WITH

RANGE FOR ROCKET, RAMJET AND
TURBOJET SURFACE-TO-AIR MISSILES.
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T.N.G.W 389,
CoeTa__
M op A;
WHERE T, =NET THRUST (ALLOWING FOR EXTEANAL DRAG OF am):er
pucT
P = AMBIENT ATMOSPHERIC PRESSURE
Ay=MOTOR MAX. CROSS-SECTIONAL AREA
FOR MOTOR SHAPE, SEE FIG.I.
NUMBERS ON CURVES INDICATE FUEL /AR RATIO.
INTAKE INTAKE
re CRITICAL CONE SHOCK
ON UP
0067
067
STRATOSPRERE
o \
|'° T
NET 067 \
THRUST N 18,000FT. ALTITUDE ‘067 (064
COEFFICIENT
Cy 03P
1067 SEA LEVEL 067
o8 ‘T 06l
06
8 20 22 24 26 2-@ 3-0
FLIGHT MACH NUMBER M
(@) THRUST COEFFICIENT.
5.F.C.=(FUEL CONSUMPTION IN LB/HOUR) +(NET THRUST IN LB)
4-0
SPECIFIC — SEA LEVEL
FUEL 5 000 F1
CONSUMPT 20027 |
LBJHR [L® STRATOSPHERE | ]
THRUST 3
c
2o

20 22 24 26 28 3-0
FLIGHT MACH NUMBER M

(b) SPECIFIC FUEL CONSUMPTION.

FIG. 4.(aab) THRUST COEFFICIENT AND
FUEL CONSUMPTION OF RAMJET MOTOR
AS A FUNCTION OF MACH NUMBER AND

ALTITUDE.
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FIG. 5. (azb)

T.N.GW.389, &

NUM N
2 INDICATE FUEL /AIR RATI

o \o
§>
NET \&
THRUST
COEFFICIENT
s

08 1

i

!

L
06

o4
2:2 2:4 26 2.8 3-0
MACH NUMBER M

(@) THRUST COEFFICIENT.

35 ,
SPECIFIC ‘
FUEL orenl
CONSUMPTION i
LB /HR /LB yﬁﬂ i

THRUST —
3.0 0:05 .
0-044
25
20
22 24 26 28 3:0

MACH NUMBER M
(b) SPECIFIC FUEL CONSUMPTION. |

FIG. 5 (agb) VARIATION OF RAMJET THRUST

AND FUEL CONSUMPTION IN THE

STRATOSPHERE WITH MACH NUMBER
AND FUEL/AIR RATIO.
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FIG. 6

ZERO-LIFT DRAG
— —— —TOTAL DRAG (ZERO-LIFT

+ INDUCED,WITH 29 LATERAL
ACCN)
——— - —— THRUST
Y= ALTITUDE IN THOUSANDS OF FEET
Pz AMBIENT ATMOSPHERIC PRESSURE

y=70

\\
X,

20

N <so /

-8 /] \

e/ \

-4 . AN I \\

ThRUST \

5= o7pmt \\\\
5C, = 3%1 \\
2 x\\\
N
N \\\
L NS

e \\\\\\\ gi'é%
\\\: 3:35

y=o0

20 22 24 26 28 30
MACH N2. ™M

FIG. 6. VARIATION OF THRUST AND DRAG OF
THE MISSILE OF FIG. |. WITH MACH
NUMBER AND ALTITUDE.
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THOUSANDS OF FEET

MBERS ON THE CURV

INDICATE ALTITUDE IN‘1/

/FIG.7.

“9

[

/

\03

;

°?

DESIGN
POINT

8%

'3

©%

°9

MAXIMUM

LATERAL

ACCELERATION

3

>3

2%

'$

-

70

}

-

e
e
-

/

% 4

MACH NUMBER
FIG.7. VARIATION OF MAX. LATERAL ACCELERATION
OF THE MISSILE OF FIGI WITH MACH NUMBER

AND ALTITUDE.
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‘ SECRET. TN.GW. 389.

FIG. 8.

UP-AND-ALONG TRAJECTORY : STEEP CLIMB TO 36,000 FT.
ALTITUDE, FOLLOWED BY CLIMB AT LOWER ANGLE (5-35%)
To DESIGN ALTITUDE, AND LEVEL FLIGHT AT DESIGN
ALTITUDE y,. SPEED M=2 AT SEA LEVEL,Ms3 AT
ALTITUDE y,.

ALL-UP WEIGHT = WEIGHT AT LAUNCH WITHOUT BOOSTS

MISSILE BODY DIAMETER =*2 FEET

PAYLOAD WEIGHT *700 LB,
PAYLOAD DENSITY 518 LB/ CUFT.
MAX. LATERAL ACCN. : 8g (N+8)
RM.S. LATERAL ACCN. 29 (n=2)

MACH N2 AT END OF BOOST Mg=2
Y, IS DESIGN ALTITUDE IN THOUSANDS OF FEET

4,000
3,500 — /
w/
3,000 /,//
/
2,500
ALL-UP
WEIGHT %
LB.
2,000 ’__\5/\;1’0‘ /7/
/
.60 ——
|,5°° ™"
——Tu:%°
1,000
500
° 28 50 75 100 125 150 s 200

RANGE - N.MILES

FIG. 8. VARIATION OF MISSILE WEIGHT WITH RANGE,
- FOR A SERIES OF DESIGN ALTITUDES.
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FIG. 9. i

MISSILE DIAMETER = 2FT
PAYLOAD WEIGHT = 700L8,
PAYLOAD DENSITY s51-8L8/cu.
MAX.LATERAL ACCN, = B9
R.M.S. LATERAL ACCN, = 2,3
BOOST MACH N s 2
UP-AND-ALONG TRAJECTORY,
X 1S RANGE IN N.MILES

3,500 j

5000 ///j
2,500

ALL-UP
WEIGHT]

L sy
[ —— X= 200

. 4,000

\

]
2,00 xX=150 | ="
2100
x=5° /
/
1,500
|,oooL(
*
500
°
50 55 60 65 70 75 80

DESIGN ALTITUDE -~ THOUSANDS OF FEET
. FIG. 9 VARIATION OF MISSILE WEIGHT WITH
- DESIGN ALTITUDE FOR A SERIES OF RANGES. |
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SECRET.

DESIGN ALTITUDE
RANGE

PAYLOAD WEIGHT
PAYLOAD DENSITY
MAX.LAT, ACCN.
R.M.S. LAT. ACCN.
BOOST MACH Ng

UP=AND -ALONG TRAJECTORY

= 87 N. MILE
= 700 LB.

= SI-8LB/CU.FT.

= 70,000 FT.'!

8y
29
2

T.N. G.W, 389

FIG. 10.

CONSTANT LENGTH/DIAMETER RATIO (=7-89)

- — — — CONSTANT VOLUME

2,800

2,600

ALL-UP

WEIGHT
Le.

2,900

-2,200

-2,000

—
L—-——— o—

-1,800

6 -8

FIG.10. VARIATION OF MISSILE WEIGHT

20 2e 24 26
MISSILE BODY DIAMETER ~-FEET

WITH DIAMETER.

28

30

e = s -
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SECRET. T.N.G.W, 38°.
MISSILE DIAMETER = 2 FT. FIG. I
DESIGN ALTITUDE = 70,000FT.
RANGE : 87 N.M:Les{
MAX. LATERAL ACCN.= 84
R.M.S LATERAL ACCN.= 2
3000 9
! B800ST MACH N¢ a2
UP-AND-ALONG TRAJECTORY
VARIATION
WITH
2,800 PAYLOAD  _|
WEIGHT
2,600
ALL-UP /
WEIGHT
LB.
2400
2,200 /
2,000 \ /
VARIATION
WITH
PAYLOAD
DENSITY
1,800 \‘\:R e: |
1,600 /
1,400 ,

200 300 400 500 6OO 700

A

800 200 1000 1)00

200 1,300 1400
PAYLOAD WEIGHT - LB.

A3 3 ! oS

WARKEAD WEIGHT

2s 40 ss 70

0 |0°
PAYLOAD DENSITY -L8./Cu. FT.

FIG. Il. VARIATION OF MISSILE WEIGHT WITH
PAYLOAD WEIGHT AND DENSITY (PAYLOAD
= WARHEAD PLUS GUIDANCE)

6-( « GUIDANCE WEIGM)

———— i -
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SECRET.

TN. GW. 389.

F'GO |2.

r4,000

LB.

ALL-UP
WEIGHT

MISSILE DIAMETER = 2 FT.
DESIGN ALTITUDE = 70,000 FT.

: RANGE = 87 N.MILES
PAYLOAD WEIGHT = 700LB.
PAYLOAD DENSITY =51-8LB|CU.FT.

BOOST MACH N¢ =2

UP-AND-ALONG TRAJECTORY
7.q 1S R-M.S. LATERAL ACCELERATION

/

13,500

Ndn=4

T~

r’ 2,500

A/

n=2-5

£2,000

500

1,000

500

59

°

1%

8%

e {
MAX. LATERAL ACCELERATION

FI1G. 12. VARIATION OF MISSILE WEIGHT WITH
MAX. LATERAL ACCELERATION FOR A SERIES
OF R.M.S. LATERAL ACCELERATIONS.
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SECRET.
MISSILE DIAMETER =2FT.
DESIGN ALTITUDE =70,000FT.
RANGE =87 N.MILEY
PAYLOAD WEIGHT = 700LB.
PAYLOAD DENSITY = =51BLBJ/CUFT.

BOOST MACH N® = 2
UP-AND-ALONG TRAJECTORY
Ng 1S MAX. LATERAL ACCELERATION

T.N.GW. 389.

FIG.13.

N=6 N=8

000

/]

3,500

//

/k

3,000
ALL-UP
WEIGHT

L8

2,500

2,000

1,500

1,000

500

L)

I'SJ 2.3 2'53

33

3'53

RM.S. LATERAL ACCELERATION

FIG.13. VARIATION OF MISSILE WEIGHT WITH
R.M.S. LATERAL ACCELERATION FOR A SERIES
OF MAX. LATERAL ACCELERATIONS.
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SECRET. TN.G.W 389,
FIG. 14

MISSILE OIAMETER = 2 FT.
DESIGN ALTITUDE = 70,000FT.

RANGE = 87 N. MILES
PAYLOAD WEIGHT = 700LB.

PAYLOAD DENSITY = Si-8 L8 /cu.FT.
B00ST MACH N& = 2

UP-AND- NLONG TRAJECTORY

M, 1S ALL-UP WEIGHT IN L8,

— — — LINE SHOWING YALUES
OF MAX. LAT. ACCN. WHICH GIVE MINIMUM

4 MISSILE WEIGHT FOR GIVEN R.M.6.
9 LAT. ACCN.

3&3 /,//
/ / ;; // A
33 M= // ?/ // //
RM.S, 2,000 / ~Z
2,800 Pre
e L 47 |
259 2,400. // 'l/
2,200 / ///// \\
29 2,000 / 7i\\ S~
1,200 _— /// \ \
1,800 | \ \
I'59

0'53

"

53 7’ 83 9’ |Os ||3 |l’
MAX. LATERAL ACCELERATION

FIG. | 4. VARIATION OF RM.S. LATERAL ACCELERATION
WITH MAX LATERAL ACCELERATION FOR A
SERIES OF MISSLE WEIGHTS

7

-




)

- v mmm mns _ee 3w o

v T v e ey e e e

GWIPl 6718.

SECRET TN GW.389,
FIG.IS
4400 /
4000 ] /
t T /
3,800
WEIGHT /
AT LAUNCH X100 /
WITH ®
BOOSTS S~
L8. 3600 /
0 /
3,400 Xx=30 / MISSILE DIAMETER = 2 FT.
< DESIGN ALTITUDE *70,000FT,
PAYLOAD WEIGHT 3 700 LB.
PAYLOAD DENSITY 251-8 LBJCUFT]
xslso\ MAX.LATERAL ACCN.=8
2,200 RM.S. LATERAL ACCN.2 2 ¢
BOOST FUEL|WEIGHT RATIO=0'65
UR-AND-ALONG TRAJECTORY
% 1S RANGE IN N.MILES
2,100
] \
ALL-UP ]
WEIGHT x=100 \
LB. \
200
sWEIGHT \
AT LAUNCH
siieyT
\
I,QOOF x50 \\N
1,800
\\‘
1,700
(3] -9 20 2 22

1-8
MACH NUMBER AT END OF BOOST, Mo

FIG.1S. WEIGHT AT LAUNCH,WITH AND WITHOUT

A FUNCTION OF MACH NUMBER AT
OST FOR A SERIES OF RANGES.
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SECRET T.N.GW. 389,
MISSILE DIAMETER = 2 FT.
DESIGN ALTITUDE = 70,000FT.
PAYLOAD WEIGHT = 700 LS.
PAYLOAD DENSITY = 51-8 LB. [CU.FT.
MAX. LATERAL ACCN.= 8
AM.S LATERAL ACCN = 2.4
BOOST MACH N2 -2
RAMJIET:- UP - AND ~ALONG
TURBOJET x-:s‘cums T0 DESIGN
ALTITUOE 4, FOLLOWED BY LEVEL
TRAJECTORY | Lo it AT 3,
ROCKET :-75° CLMB TO DESIGN
4,500 ALTITUDE Y, FOLLOWED BY LEVEL
FLIGHT AT Y,
4,000 ’/H/
" TURBOJET
_ee——T—]
3,50
3000
L \
/ ROCKET
2,500 /
MISSILE
WEIGHT
2,0 //
,_:,/Jf RAMJIET
/ ”’ L
—,’—- —__——_—__‘ _____ b ———-——————
1500 00| —e——dm—— -
ALL ~UP WEIGHT
ooofp»—————-—4—-—— — EMPTY WEIGHT
500
° 28 50 75 100 128 150 175 200

RANGE - N. MILES

FIG. 1 6. VARIATION OF WEIGHT WITH RANGE FOR
TURBOJET, ROCKET AND RAMJET MISSILES.
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SECRET. T.N.G.W. 389,
MISSILE DIAMETER = 2 FT.
DESIGN ALTITUDE = 70,000FT. FIG. 17
RANGE = 87 N. MILES
-3,000 PAYLOAD WEIGHT = 700LB.
PAYLOAD DENSITY = SI-8 L8,/CU.FT,
MAX. LATERAL ACCN.= 84 (N=8)
RM.S. LATERAL ACCN.s 29 (n=2)
BOOST MACH N2 s 2
- 2,800 ——1p- AND- ALONG TRAJECTORY -
N5 © FIXED- WING /
T=15( @ MOVING-WING / MOVING - WING
2,60 '

| / é

2,400 //

.a,?y/ =
ALL-UP /
WEIGHT /

LB. / FIXED-WING

12,000 /

/

1,800 /

/ — °

1,600
1,400
1,200

25 50 75 100 125 150 178 200

RANGE = N. MILES

FIG. 17 VARIATION OF WEIGHT WITH RANGE
FOR MOVING=WING AND FIXED—WING MISSILES.
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SECRET.

MISSILE DIAMETER = 2FT.
PAYLOAD WEIGHT
PAYLOAD DENSITY
MAX.LATERAL ACCN. = 84
R.M.5. LATERAL ACCN, = 24
BOOST MACH Ne
UP-AND-ALONG TRAJECTORY.

Y, 1S MISSILE DESIGN ALTITUDE
IN THOUSANDS OF FEET.

z 700LB
= 51-8LBjur

=2

T.

N.G.W. 389

FIG.18.

035

FUEL WEIGHT / - /
ALL-UP WEIGHT

625 /// 322

y,=70
-0-2 /////, J,=e0
.045// ? //
=

L 0|

-0:05
25 50 75 léo 128 150 175 200

RANGE ~-N. MILES

FIG.18. VARIATION OF FUEL/ALL-UP WEIGHT
RATIO WITH RANGE ON UP-AND-ALONG
TRAJECTORIES FOR A SERIES OF MISSILE

DESIGN ALTITUDES.
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FIG. 19.

20
n
19 3‘
. 8 Y, 15 DESIGN ALTITUDE. IN THOUSANDS OF FT
X 15 RANGE IN N. MILES.
d. 15 MISSILE DIAMETER IN FT. .
P 15 PAYLOAD WEIGHT IN LB.
T4 1S R.MS. LATERAL /
17 ACCELERATION.
PAYLOAD DENSITY = 51-8 LB /CU.FT.
MAX. LATERAL ACCN. = 84 d
BOOST MACH N2 : 2.
6 UP-AND-ALONG TRAJECTORY. /
/ /P
15 / L~
) /A
JCOMBUSTION /
CHAMBER
DIAMETER X
| NcHES ____+——
mn
.—-—-—x'—"/'—
a—
A
/
i //
|3 —
ol scaLes
' 50 55 O <o 65 70 75 8o
ol 50 87 100 150 200
d 16 8 20 22 24 26 28 30
P = + + q + + + 4
200 600 700 800 200 1,000 1100 1,200
n k + + " N .
1 15 2 25 3 3.5 ps

FIG.19. VARIATION OF RAMJET COMBUSTION CHAMBER
DIAMETER WHEN EACH OF THE DESIGN PARAMETERS
SHOWN DEPARTS IN TURN FROM ITS STANDARD VALUE.
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SECRET. TNGW. 389
FIG. 20.
FL
23 Y, 15 DESIGN ALTITUDE IN THOUSANDS OF /
FT. 'y
X IS RANGE IN N.MILES
d /5 MISSILE DIAMETER IN FT.
22 P 15 PAYLOAD WEIGHT IN LB.
PAYLOAD DENSITY = 5I'8 LB /CU.FT. /
MAX. LATERAL ACCN.z 89
R.M.S. LATERAL ACCN.: 24
BOOST MACH N° =2
21 UP- AND- ALONG TRATECTORY

> . xN.EsS FOR R - L
s0 ss ' 6o 65 70 7% 80 .
*o 50 87 100 150 200
d - + + 4 : + -
6 '8 20 22 24 26 28 30
4 r + + + + — + q
SO0 G600 700 860 900 i,000 |00  L200

FIG. 20. VARIATION OF MISSILE LENGTH WHEN EACH
OF THE DESIGN PARAMETERS SHOWN DEPARTS IN
TURN FROM ITS STANDARD VALUE.
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SECRET. TN GW. 388
MISSILE DIAMETER s 2 FT.
DESIGN ALTITUDE Y= 70,000FT.
PAYLOAD WEIGHT = 700LB
PAYLOAD DENSITY = 5i8LB/CU.FT.
MAX. LATERAL ACCN.= B4
R.M.S. LATERAL ACCN.=24
BOOST MACH N2 = 2
UP-AND- ALONG TRATECTORY
Y, IS TARGET ALTITUDE IN
THOUSANDS OF FEET,
3,000 ~|Y/=§g 9,260
o / /
2,80 4
ALL-0P
WEIGHT /
8. .
2,600 / / /
2,400 / y / 328
//
1
/ -
2,200 - 4 //J
/ / o P
2,000 / // ,JV
-~
00 // %
1,600 (
0 50 100 1950 200 250 300 350 O

RANGE -N.MILES

FIG. 2i. VARIATION OF WEIGHT WITH RANGE FOR
STANDARD MISSILES (DESIGNED FOR 70,000 FT.

ALTITUDE) ON UP-AND-ALONG TRAJECTORIES
TO VARIOUS TARGET ALTITUDES.
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SECRET.

MISSILE DIAMETER
DESIGN ALTITUDE =70,
PAYLOAD WEIGHT
PAYLOAD DENSITY
MAX. LATERRL ACCN. = 84
R.M.5. LATERAL ACCN. = 29
BOOST MACH NUMBER= 2
UP-AND-ALONG TRAJECTORY.
X 1S5 RANGE IN N. MILES,

= 2FT.

= 700LB.
= 51-8LB. |CU.FT,

COOFT.

T.N.G.W. 38°,

FIG. 22.

2 800-

o \

\

N

N\

AN

AN

N

N

Au.-u\
LB.

N

av

N

WEIGHT \
2,400- \ \\ \A_fés;‘
N \ \ x:200 —
-Z.mu\ \\
\ \\ Xei5Q
L2000 P
\
\\ X=10Q —
\
-|,000_'=\\‘ e S
385 20 45 50 5% €o =3 70

TARGET ALTITUDE - THOUSANDS OF FEET

FIG.22. VARIATION OF MISSILE WEIGHT WITH
TARGET ALTITUDE FOR STANDARD MISSILES

(DESIGNED FOR 70,000 F
AND-ALONG TRAJECTORIES

T ALTITUD
, FOR A SER
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9
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SECRET

MISSILE DIAMETER = 2 FT,
DESIGN ALTITUDE * 70,000 FT.
PAYLOAD WEIGHT * T00L8.
PAYLOAD OENSITY = 54-8LBjcusm
MAX. LATERAL ACCN.*8¢
MS. LATERAL ACCN. 229
BOOST MACH NUMBER =2
UP-AND-ALONG TRAJECTORY
™, IS ALL-UP WEIGHT IN L8.

m, s 1800 2,000

TN. GW. 388,
FIG.23.

2,800

70

1]

TARGEY
ATITUDE
THOUSANDS{
OF FRRT

AR
L)

50

\
]
|
I
i

s
[/

WiV

E 3
(]

3

7777/

30l
o

[T 100 1Y)

RANGE - N.MILLS

FIG.23. VARIATION OF RANGE WITH TARGET ALTITUDE
FOR STANDARD MISSILES (DESIGNED FOR 70,000 FT.
ALTITUDE) ON UP-AND-ALONG TRAJECTORIES, FOR A

SERIES OF MISSILE WEIGHTS.
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MISSILE DIAMETER 3 2FT.
DESIGN ALTITUDE = 70,000FT.
3,800 -
PAYLOAD WEIGHT = 700LB.

PAYLOAD DENSITY  =5)-8LB.[CUFT

MAX, LATERAL ACCN = 83
+3,600——+ | R.M.S. LATERAL ACCN. = 24 /

BOOST MACH NS =2
BEAM-RIDING TRAJECTORY.

Yy IS TARGET ALTITUDE IN
~ | THOUSANDs OF FEET.

W ///
2 800 / //// 9270
VN

y.>26

3,400

2,600

yd
"

NN

50 ©0 70 8o 20 100 o
RANGE - N.MILES

FIG.28. VARIATION OF WEIGHT WITH RANGE
FOR STANDARD MISSILES (DESIGNED FOR
70,000 FT. ALTITUDE) ON BEAM - RIDING
TRAJECTORIES TO VARIOUS TARGET ALTITUDES.
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FIG. 29.
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MISSILE DIAMETER s 2FT.
DESIGN ALTITUGE = 70,000FT.
PAYLOAD WEIGHT = 700LB.
’ PAYLOAD DENSITY = 51-8L8, /Cu.FT.
3,600— MAX. LATERAL ACCN. = By, s
R.M.S. LATERAL ACCN.=2g.
BOOST MACH NS = 2.
Y, 36 Yy 15 TARGET ALTITUDE IN
THOUSANDS OF FEET.
3400 s "
L,: 50
3200
y;=©0
TRAJECTORY
3,000 \ N /
9,270 / //
P-AND- ALONG
2,800 TRATECTORY Z, / (/
ALL-UP ] Yp= 70 L L/
WEIGHT Yr = 60 1T
L8, Yr = 50
/ \51 = 367
2,600
! 4 OPTIMUM
-ALONG -DOWN - ALONG
TRATECTORY
My = 70
}9r = 60
2400 Vi byy = 50
r = 36
/
/ /
2,200 Vs
74
/
/
2,0
//
1,600
0 50 100 150 200 250 300 350 400

RANGE ~ N. MILES

FIG.29. VARIATION OF WEIGHT WITH RANGE FOR
STANDARD MISSILES (DESIGNED FOR 70000 FT.
ALTITUDE) ON VARIOUS TRAJECTORIES TO VARIOUS
TARGET ALTITUDES y,.
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N FIG.3.
v o 8
s A
3 CLIM® PATH:175°CLIMB FROM
| SEA LEVEL TO 36,000FT.
| 6 —]14-S°CLIMB FROM 36,000FT. TO
u FusL 70,000 FT. ALTITUDE
' FLOW T-Ds NET THRUST (L8)
: n, ™ = MASE (L8)
' Le/sec N\ P = ATMOSPHERIC PRESSURE. LB/FT®
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2
|
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/ $ = 7—-_—_-.1\
v/ <
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ALTITUOE Y - THOUBANOS OF FEET
| FIG.3LVARIATION OF MACH NUMBER, NET THRUST PARAMETER,
. AND FUEL FLOW WITH ALTITUDE FOR THE MISSILE OF FIGI
: ON TS STANDARD CLIMB PATH.
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FIG. 32. VARIATION OF THE 'ATMOSPHERE FUNCTIONS
H AND 1 WITH ALTITUDE y.
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FIG. 33. L
NET THRUST
ot woent— AT SEA LEVEL
e NET THRUST
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FIG. 33. VARIATION OF MISSILE FLIGHT MACH
NUMBER WITH ALTITUDE FOR STRAIGHT-LINE
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ALTITUDE ~THOUSANDS OF FEET
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CLIMBS FROM SEA LEVEL TO TROPOPAUSE.
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FIG. 34. (ac V)

MACH NUMBER AT SCA LEVEL®=2:0
CROSSES INDICATE VALUES OF M* Fo

ATTAINED BY EACH OF THE MISSIL P
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i
"
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25 26 27 (A ) 29 3-0 34 32 33
M*
(@) FOR ANGLES OF CLIMB
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3.5 IMACH NUMBER AT SEA LEVEL*2:0 Fos 12 8 24 30
CROSSES INDICATE VALUES OF M¥ L~
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x
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E® /////
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(b) FOR 750 ANGLE OF CLIM®.

FAG. 34.0sb) MACH NUMBER AT THE TROPOPAUSE,
M*, AS A FUNCTION OF NET THRUST/WEIGHT
RATIOS AT SEA LEVEL (Fo) AND TROPOPAUSE
(F), FOR STRAIGHT — LINE CLIMBS.
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FIG.35.
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FIG. 35. VARIATION OF NET THRUST / WEIGHT
RATIO AT TROPOPAUSE (F*) WITH THAT AT
SEA LEVEL (Fo) FOR STRAIGHT -LINE CLIMBS,
SHOWING EFFECT OF MACH NUMBER AT THE
TROPOPAUSE (M ™).
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F¥ 1S NET THRUST/ WEIGHT FIG.36.
RATIO AT TROPOPAUSE
4, 1S DESIGN ALTITUDE IN
THOUSANDS OF FEET M*a3
0 b /w/f ;/7
) / /
/ / / / [
30 4280 Lmtazsg
avs
ANGLE 0:5 // V 4280 )
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FIG.36. VARIATION OF ANGLE OF CLIMB WITH
F* FOR STRAIGHT -LINE CLIMBS IN THE

STRATOSPHERE . MACH NUMBER M™ AT THE
TROPOPAUSE. M=3 AT DESIGN ALTITUDE y,,
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ALTITUDE - THOUSANDS OF FEET

FIG.37 VARIATION OF MACH NUMBER WITH
ALTITUDE ON STRAIGHT-LINE CLIMBS IN
THE STRATOSPHERE FROM THE TROPOPAUSE
TO DESIGN ALTITUDE y,. M =3 AT DESIGN

ALTITUDE.
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FLIGHT MACH NUMBER, M
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e /\
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;
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2:0 22 4 26 r - 30

FLIGHT MACH NUMBER M
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